Aflatoxins, produced primarily by Aspergillus flavus and A. parasiticus, are among the most toxic and carcinogenic naturally occurring compounds. In an attempt to identify genes potentially involved in aflatoxin contamination of crops, and to better understand the biology of A. flavus, a large scale sequencing of A. flavus expressed sequence tags (EST) was conducted. The 5 0 ends of 26,110 cDNA clones from a normalized cDNA expression library were sequenced. After annotation, a total of 7218 unique ESTs in A. flavus were assembled into 3749 tentative concensus sequences and 3469 singleton sequences. The functional classifications of the genes or Gene Ontology (GO) terms were assigned to these ESTs. Genes potentially involved in the aflatoxin contamination process were identified in the ESTs sequenced. These include the aflatoxin biosynthetic pathway, signal transduction, global regulation, pathogenicity of the fungus, and stress response.
Introduction
Aspergillus flavus produces the secondary metabolites aflatoxins B 1 and B 2 and other mycotoxins such as cyclopiazonic acid. A. flavus is the predominant species [1, 2] responsible for aflatoxin contamination of crops prior to harvest or during storage. The acute toxicity of aflatoxins and the carcinogenic property of aflatoxins were established and recognized for over 40 years [3, 4] . Due to the significant health and economic impacts of aflatoxin contamination, the chemistry, enzymology, and genetics of the aflatoxin biosynthetic pathway in A. flavus and A. parasiticus have been actively studied [5] [6] [7] . Genetic studies on aflatoxin biosynthesis in A. flavus and A. parasiticus led to the cloning of 25 clustered genes within a 70 kb DNA region responsible for the enzymatic conversions in the aflatoxin biosynthetic pathway [8, 9] . Regulatory elements such as aflR [10, 11] and aflS (aflJ) [12, 13] , nutritional and environmental factors [14, 15] , fungal developmental and sporulation [16] [17] [18] [19] were also found to affect aflatoxin formation. In A. flavus there are eight chromosomes with an estimated genome size of about 33-36 Mbp that harbor an estimated 12,000 functional genes (reviewed in [7, 20] , Dr. Machida, personal communication). However, the global regulatory control of aflatoxin formation, the genes controlling aflR and aflS (aflJ) expression, the process of signal transduction, the mechanisms of switching on/off aflatoxin production, the genes involved in pathogenesis and survival of the fungus in nature remain unknown. We conducted a comprehensive EST sequencing project and cataloged the expressed genes. This is the first step to study fungal biology and genetic regulation at the genomic scale in A. flavus for better understanding of the mechanism of aflatoxin formation in the development of new control strategies to eliminate pre-harvest aflatoxin contamination.
Materials and methods

Fungal strain, media and culture conditions
Aspergillus flavus wild type strain NRRL 3357 (ATCC#20026) was selected for making the EST library. This strain produces abundant amounts of aflatoxins B 1 and B 2 and also produces sclerotia under stressed conditions. In order to make the library as representative as possible for gene expression, fungal mycelia were grown under eight media conditions. These conditions were solid wheat bran, liquid glucose minimal salt (GMS), liquid peptone minimal salt (PMS), potato dextrose broth (PDB), solid rice, liquid YES, GMS plus soybean oil and PMS plus soybean oil. Soybean oil was added to promote the expression of genes for lipid metabolism such as lipases [15] . All of these culture conditions were supportive of aflatoxin formation except PMS liquid medium. The liquid cultures were incubated at 30°C with constant shaking at 150 RPM. The mycelia were harvested by filtration through miracloth at five different time points (18, 24, 36, 48, 72 and 96 h) following inoculation with a conidial suspension. The harvested mycelial samples (wet weight 20 g from wheat bran samples and 10 g from each of the rest of the samples) were mixed and frozen in liquid nitrogen for RNA purification.
RNA isolation and normalized cDNA library construction
A normalized cDNA expression library was constructed by Incyte Genomics, Inc. (Palo Alto, CA, USA) with the mixed mycelia provided by this USDA laboratory as starting materials. First, a standard cDNA library was constructed. The protocol included poly(A) trimmed, oligo(dT) primed, and 5 0 biased random primed reverse-transcription of cDNA (Incyte proprietary, patent pending). Total RNA was purified from the mixed fungal mycelia using a Qiagen RNeasy Plant Mini Kit (Qiagen, Inc., Valencia, CA, USA). Poly(A) + mRNA isolation from total RNA was performed using Dynabeads Ò Oligo(dT) 25 (Dynal Biotech, Lake Success, NY, USA) and Magnetic Particle Concentrator (MPC) (Dynal Biotech). The double stranded cDNA was directionally cloned into pBlueScript (SK + ) vector (Stratagene, La Jolla, CA, USA) at NotI/EcoRI sites with the T7 and T3 promoter sequences in 5 0 and 3 0 end, respectively. The normalization protocol is a modified version of that described by Soares et al. [21] (proprietary of Incyte Genomics, patent pending) and is referred to as a ''Rare Cloned Biased'' library. The normalization process involved two rounds of vigorous column hybridizations to remove the abundant copies of transcripts for maximal increase in gene discovery rate. The normalized cDNA library clones were transformed into bacterial Escherichia coli DH10B T1 resistant cells. The bacterial colonies (50,000) carrying normalized A. flavus cDNA clones were picked onto 384-well format low cross-talk polypropylene NUNC plates (Nanogen, San Diego, CA, USA) for sequencing at The Institute for Genomic Research (TIGR, Rockville, MD, USA).
Sequencing, annotation and functional Gene Ontology (GO) assignment
Escherichia coli bacterial cells harboring the A. flavus cDNA clones were grown in yeast tryptone medium (Biofluids, Rockville, MD, USA) for 18 h at 37°C with constant shaking at 150 RPM. The cDNA templates were prepared using the Eppendorf-5 Prime Direct Bind prep kit (Eppendorf, Boulder, CO, USA). Single pass, unidirectional (5 0 end) sequencing was performed at TIGR on ABI 3700 sequencing machines using standard sequencing methods. Base calling was made using Phred and Trace Tuner (Paracel, Pasadena, CA, USA). The trace file sequences were cleaned using standard TIGR program to trim off vector and adaptor sequences on both 5 0 and 3 0 ends and to remove low-quality bases. Tentative consensus sequences (TC) were assembled at high stringency from the ESTs sharing overlap regions of greater than 94% identity of over 40 or more continuous bases using the CAP3 program and Paracel Transcript Assembler ( [22] ; version 2.6.2, http:// www.paracel.com) with modifications by the TIGR bioinformatics team. Overlaps based exclusively on low-complexity regions were excluded. Sequences that were not assembled into a TC were termed singleton ESTs. Both TCs and singletons are unique EST sequences. GO term assignments is a specific term used in Gene Index construction for functional classification of genes in standard GO vocabulary using appropriate GO tools. GO provides three structured networks of defined terms to describe gene product attributes (for more information please visit http:// www.geneontology.org/GO.doc.html for detail). The TC and singleton ESTs were searched against a nonredundant protein database to assign a putative function (GO) for each sequence and to construct the A. flavus Gene Index at TIGR. The statistical significance threshold for reporting matches against database sequences in the blast search was set at default value 10 (expect value) for the data presented in Tables 2-5 .
Results
Sequencing and assembly
A total of 26,110 normalized A. flavus cDNA clones were sequenced and 22,037 high quality usable sequences were obtained. After comparison and assembly of overlapping sequences, 7218 unique sequences were identified. These unique sequences consisted of 3749 TC that shared overlapping sequences to other ESTs and 3469 singletons that did not share overlapping sequence. The genes identified in these ESTs account for an estimated 60% of the predicted 12,000 functional genes in the A. flavus genome.
Aspergillus flavus gene ontology assignments
The identified unique ESTs (genes) were blasted against a non-redundant protein database. Only about 66% of the 7218 ESTs had homologous counterpart genes in the database. The remaining unique EST sequences (34%) did not have homologous sequences in the existing databases, suggesting that a significant number of the A. flavus genes identified in the EST library are novel. These annotated unique EST sequences have been made available to the public at the NCBI GenBank Database (http://www.ncbi.nlm.nih.gov/). The Gene Ontology data were compiled to construct the A. flavus gene index that can be accessed and searched at the TIGR web site (http://www.tigr.org/tdb/tgi/) and the Aspergillus flavus web site (http://www.aspergillusflavus. org/). The classification of the molecular functions was shown in Table 1 .
Genes of interest identified
Among the ESTs having homologies to the existing GenBank databases, many could be potentially involved directly or indirectly in aflatoxin production such as in global regulation, signal transduction, pathogenicity, virulence, and fungal development. The gene categories and their putative functional classifications are presented in Tables 2-5 below. Note that many more ESTs were found in these categories as listed in Tables 3-5 . For simplicity only the top 20 ESTs are listed in each category.
Genes directly involved in aflatoxin biosynthesis
The genes directly involved in aflatoxin formation comprise an aflatoxin pathway gene cluster (25 genes) in A. parasiticus and A. flavus [6, 9] . With only four exceptions [aflU (cypA), aflA (fas-2), aflN (verA) and aflI (avfA)], all of the aflatoxin pathway genes that were located within the aflatoxin pathway gene cluster in A. parasiticus (AY371490) were identified from the A. flavus EST database (Table 2 ). In addition, four new transcripts expressed in the EST library ( Table  2, TC4669, NAFAG57TV, TC4876 and TC10997) were identified to have significant homologies to the aflatoxin pathway gene cluster sequence in A. parasiticus ([6,9] AY371490). TC 10997 sequence in A. flavus corresponding to an ORF encoding for a hypothetical protein consisting of 495 amino acids in A. parasiticus. This ORF was named aflY (hypA) and was reported earlier [6, 9] . The relative positions of the three small ORFs were located (Table 2) in the intergenic regions of the reported aflatoxin pathway cluster genes. TC4669, NAFAG57TV and TC4876 are 485, 437 and 491 bp in length and are capable of encoding a polypeptide of 161, 109 and 163 amino acids, respectively. Though these three ORFs are very small in size and in the intergenic regions, TC4669 and TC4876 were expressed as high as 17 and 7 copies, respectively, even in this normalized cDNA library. We can speculate that these small ORFs could play certain roles in aflatoxin formation. The homologies of aflatoxin pathway genes between A. flavus and A. parasiticus are extremely high ranging from 90% to 99% with an average of 95% at both nucleotide and amino acid levels. It is quite possible that additional, yet undiscovered genes, involved in aflatoxin synthesis might be located outside of the identified gene cluster.
Genes putatively involved in global regulation and signal transduction
Global regulation of aflatoxin formation is of great interest but is also the least known aspect of aflatoxin biosynthesis. It is well understood that aflatoxin biosynthesis is under the tight control of the positive transcription activator aflR gene [10, 11, 23] . However, the gene or genes that control aflR expression are unclear. Among the unique ESTs in the A. flavus cDNA library, many of the genes potentially involved in regulation were identified based on sequence comparison against the known genes in the databases (Table 3) . Some of these genes are related to stress responses such as mitogen-activated protein kinase (MAPK), MAPK kinase (MAPKK) and MAPKK kinase (MAPKKK) (Campbell, personal communication). These genes could potentially play important roles in signal transduction pathway in response to developmental or environmental elicitors that turn on aflatoxin production. The homolog of a regulatory gene, laeA (Accession Nos.: AY394722 in A. nidulans and AY422723 in A. fumigatus) for loss of aflR expression [24] , was found (NAGEM53TV) to be expressed in A. flavus cDNA library.
Genes possibly involved in virulence/pathogenicity
Invasion of host plants such as corn, cotton, treenuts and peanuts, by A. flavus is a complicated process involving many genetic and biological factors. Identification of the genes responsible for such biological processes is a very cumbersome process using conventional molecular cloning methods. Examining the unique ESTs, we identified many hypothetical genes that have the potential to contribute to fungal virulence or pathogenicity (Table 4) . These genes encode hydrolytic enzymes, which could be highly expressed virulence factors during fungal invasion of A. flavus into crop plants.
3.3.4. Genes possibly involved in stress response and antioxidation Jayashree, T. and Subramanyam [25] reported that oxidative stress triggered aflatoxin biosynthesis in A. parasiticus [25] . On the other hand hydrolyzable tannins acting as antioxidants in living cells [26] completely arrested aflatoxin biosynthesis while having little effect on fungal growth [27] . The active anti-aflatoxigenic constituent of these tannins was identified as gallic acid. In the A. flavus EST database, over three dozen genes hypothetically involved in stress responses and anti-oxidation were identified (Table 5) . By comparison to the A. flavus ESTs the oxidative stress response pathway gene homologs were also identified in Saccharomyces cerevisiae and their functionality determined in yeast deletion mutant strains (Campbell, unpublished data).
Genes putatively involved in fungal development and sporulation
Secondary metabolism is often correlates with fungal developmental processes such as sporulation and sclerotia formation [16, 18, 28] . Mutants that are deficient in sporulation are unable to produce aflatoxins [18, 28] . A critical advance in this regard was the finding that the regulation of sporulation and ST production is by means of a shared Gprotein mediated growth pathway in A. nidulans [19, 29] . Several genes involved in fungal development and conidiation were identified in the A. flavus EST library (NAGBA10TV, NAGBD49TV, NAGBU14TV, NAFEA74TV, NAGBI96TV, TC10246, TC11956, TC12083 and TC8878).
Discussion
Applying an EST strategy provided a rapid and effective method for identification of genes potentially involved in aflatoxin contamination of crops by A. flavus. We reported the identification of 7218 unique genes in this A. flavus cDNA expression library. The average cDNA insert size of the library is about 1.2-1.5 kb with high quality sequences. However, due to the fact that 34% of the unique genes do not have homologs identified in the database, there is a possibility that two or more non-overlapping ESTs may be transcribed from the same gene and were counted as two or more unique genes. Further, oligo-dT primed cDNA library is often notorious for not being full length (5 0 truncation). Over-estimation of unique genes based purely on bioinformatics information is unavoidable. Therefore, the Table 5 Genes putatively involved in stress response and antioxidation EST ID actual number of unique genes could be a little less than 7218. There were four aflatoxin pathway genes that were not identified in this library. The EST copy number of a specific gene (in TC group) does not truly reflect the level of gene expression in a normalized library like this one. Our experience on secondary metabolism gene expression, such as that required for aflatoxin biosynthesis, indicated that the aflatoxin pathway genes are expressed at a much lower level than primary metabolism pathway genes. In addition, we identified only over 7218 unique genes from over 26,000 cDNA clones sequenced, which account for 60% of the total functional genes in the fungal genome.
Considering that 4 out of 25 aflatoxin pathway genes were not identified in the library, it is consistent with the overall probability. The genes identified in this study are the putative candidates for further investigation. Genes responsible for the biosynthesis of secondary metabolites such as aflatoxins are those encoding polyketide synthases, fatty acid synthases, carboxylases, dehydrogenases, reductases, oxidases, oxidoreductases, epoxide hydrolases, mono-or di-oxigenases, cytochrome P450 monooxigenases, and methyltransferases [6, 14] . In the A. flavus EST database, numerous genes fall within the categories of these enzymes. Without additional biological evidence it is very difficult to predict whether these genes are involved in primary or secondary metabolisms based purely on the bioinformatic annotations. Also, as mentioned earlier, about 34% of the ESTs do not have homologs identified in the existing databases. In order to identify the most prominent candidate genes, such as global regulators in A. flavus, a comprehensive screening or profiling of those genes requires additional genomic scale studies such as gene expression profiling by microarray experiments followed by analysis of targeted mutagenesis.
